This paper demonstrates the possibilities of detecting changes in populations of animals, based on the analysis of their dynamic phase portrait. This method allowed us to clarify the periodization of the process of naturalization of the Black Sea sprat (Clupeonella cultriventris) in the Rybinsk Reservoir and in detail describe the changes in the main dynamic characteristics of the population. On the example of zander (Sander lucioperca) in Lake Vozhe, the state was observed in which intra-population mechanisms activate which slow the increase in population (distribution of individuals from regions with high density). Use of this method allowed us to describe the new stable state of the population of grayling (Thymallus thymallus), which it entered as a result of increase in sport fishing. The data on time of presence of a population in equilibrium state allowed us to correctly unify the materials used for the analysis of changes in its age group.
Introduction
The ability to resist the external impact or return to the initial state after disturbance is an ability characteristic and necessary for all biological systems at all levels of the organization. In ecology, the analysis of disturbances is an experimental tool which allows one to determine how a complex system functions, because at that time the capabilities of separate elements as well as connections between them manifest more clearly (Begon et al., 1986; Clarke & Warwick, 1998) . The changes in the community are known to be conditioned by changes in the population characteristics of the species which form it, i.e. abundance, age and sex structures, fertility, mortality, etc. (Bobretsov, 2009; Gerasimov et al., 2010 Gerasimov et al., , 2013 Boonstra & Krebs, 2012; Rozenfeld & Sheremetyev, 2016) . It is important to note that changes in characteristics of populations occur over a certain time due to consequent alterations. Therefore, its reaction to external factors to a large extent depends on inertia (Romanovsky et al., 1975) , and is related to complex dynamic systems (Antamonov, 1977) . One of effective methods of analyzing such a system is the survey of its dynamic phase portrait (Vol'kenshtein, 1978) .
In ecology, analysis of changes in populations and communities in phase space is common (the socalled parametric phase portrait Odum, 1971) , which uses a set of parameters as coordinates; for example, number of separate species, production, biomass, etc. (Gilpin et al., 1982; Knut, 1997; Portrait et al., 1999) . A distinctive feature of the dynamic phase portrait method is the analysis of dynamics of the system within the space of its states, which are determined on the one hand by the parameter significant for its functioning (for example, number, structural parameter, density, biomass, etc.) and on the other hand by speed characteristics (rate, acceleration) of change in this parameter. The simplest case includes two such variables: one of the coordinates is a parameter, and the other is the rate of its change. Taking into account the rate at which the changes occur makes it possible to reveal the condition and assess the pattern of dynamics of population or community during deviation from them. At the same time, we can predict changes in a system on the basis of this information.
Dynamic phase portraits developed for analyzing real biological systems not on the basis of mathematical model, but on the empirical data have demonstrated their efficiency for survey of both real communities of hydrobionts Tereshchenko & Strelnikov, 1995 , 1997 Tereshchenko & Nadirov, 1996; Polovkova et al., 2007; Tereshchenko et al., 2007; Reshetnikov et al., 2011; Dorovskikh et al., 2012 Dorovskikh et al., , 2016 Mineeva & Tereshchenko, 2013) , and real populations (Tereshchenko et al., 2015 (Tereshchenko et al., , 2016a Tereshchenko & Tereshchenko, 2017; Boznak et al., 2019) .
This approach allowed new data to be obtained on the capabilities of a population and changes in its structural-functional characteristics, which occur under the influence of natural and anthropogenic factors. Therefore, for naturalization and successful colonisation of a territory, it is necessary not only for individuals of invasive species to survive the new conditions, but also for its population to have dynamic characteristics which allow it to rapidly increase in number. The assessment of such parameters was performed for few species of fish which settled in the Volga and Dnieper cascades and formed there numerous self-reproducing populations (Slynko & Kiyashko, 2012; Slynko & Tereshchenko, 2014; Tereshchenko et al., 2015 Tereshchenko et al., , 2016a Tereshchenko & Tereshchenko, 2017) .
During the process of growth of a population, the moment occurs, when the mechanisms of density regulation are activated. The possibility of assessment of a density at which the mortality was higher than birth rate and emigration of individuals from the regions with high density was observed is demonstrated on the example of zander (Sander lucioperca) introduced into Lake Vozhe (Tereshchenko & Zuyanova, 2006) .
Changes in the parameters of population may be caused and intensified by anthropogenic load. On the example of lavaret (Coregonus lavaretus) and grayling (Thymallus thymallus) (Linnaeus, 1758) in one of the watercourses of the Middle Timan, it has been demonstrated that as a result of the development of the road system, even in the absence of notable changes in the environment, intensification of sport fishing can lead to decrease in the number and change in the structure of populations of valuable fish species (Boznak et al., 2019) .
The objective of this study was to generalise the experience of using dynamic phase portrait for analysis of populations of fish, thus revealing the possibilities of the method to reveal additional information about biochanges in them.
Materials and methods
Assessments of the characteristics of the populations of the studied species, development of dynamic phase portraits and the following analysis of the results was performed on the basis of materials collected using standard methods. The assessment of the speed of changes in the number of Black Sea sprat (Clupeonella cultriventris) and European smelt (Osmerus eperlanus (L.)) was based on the data of their abundance in the catch by the survey trawl (Tereshchenko et al., 2015; Tereshchenko & Tereshchenko, 2017) . The information from different sources was standardized, providing records for 15 min. of trawling. Relative number of grayling (Thymallus thymallus) was calculated as a value of caught fish per attempt, i.e. number of individuals caught in a standard net of 30 m length during 24 h (Boznak et al., 2019) . Study on the dynamics of the number of population of zander (Sander lucioperca) in Lake Vozhe was based on the data on the catch over the year. Since in that water body, during the period of study, the level of industrial effort was stable, and the record of fish production was well main-tained, the change in the amount of caught fish reflected the change in abundance of the species. In the study, the multi-years dynamics of the caught fish per attempt for each species was analyzed.
In ecology, for the calculation of the rates of growth of population, apart from increase in abundance per unit time, the following parameters are taken into account as potential and specific rates of population growth. Specific rate of changes in the abundance of a population, which characterizes the increase in abundance per unit time, was calculated using the formula (Birch, 1948; Odum, 1971; Pianka, 1978; Voronov, 2005) :
where N t1 и N t2 -density of population of animals in the moments of time t 1 and t 2 (years). Maximum value of specific rate of change in number, observed with exponential growth of population, is called "potential rate of growth" (and also "biotic potential" or "reproductive potential"). It characterizes the intrinsic -conditional property of a species to increase in number in a particular habitat (Odum, 1971; Pianka, 1978; Solbrig & Solbrig, 1979 ).
To answer the questions whether a population or community is in a condition of equilibrium and when the system has changed from one steady state to another, its "dynamic phase portrait" was analyzed (Vol'kenshtein, 1978; Svirizhev & Logofet, 1978) . Methods of developing a phase portrait of real above-organism systems was described earlier (Verbitsky & Tereshchenko, 1996; Tereshchenko & Verbitsky, 1997) . Here, we should note that for the analysis of fish populations, changes in the coordinates N and dN/dt, were analyzed, where N -relative number (caught fish per attempt), dN/dt -speed of its change.
An important aspect of developing dynamic phase portraits of real populations or communities is preliminary smoothing of initial data of the analyzed parameter, which is necessary for reduction of the influence of random fluctuations. For this purpose, the entire temporal interval of observations was divided into 500 sections and approximated using a parabolic window and the initial data were interpolated. The latter operation allows reduction of errors in speed of change in the parameter. As our experiment has shown, good results are also provided by smoothing by the method of spline interpolation, though on the boundaries of interval of study the first method of smoothing works better.
The following analysis was based on the search for steady or equilibrium zones, in which the rate of changes in the number of animals was close to zero. The indicator of the reaction of population to disturbance is transition into another state of balance or disturbance of graduality of the phase portrait curve. A dynamic phase portrait of a system (population or community), far deviating from the equilibrium state, looks like convex or concave arc orientated from the initial state to new state. At the same time, over the process of formation, at first acceleration in the restructurisations is observed (increase in the rate of change in the studied parameter by module), and at the second stage -their slowing. In state of equilibrium the amplitude of fluctuations of the parameter is minimum, and the trajectory of movement of the system on the phase portrait looks like a inwardcoiling spiral -a special point "stable focus", and in the case of an uncoiling spiral -a special point "non-stable focus" or elliptic curve of small amplitude -special point "center" (Verbitsky & Tereshchenko, 1996; Tereshchenko & Verbitsky, 1997) .
Results
Changes in the formation of population of an invasive species. As an example, we shall consider the process of naturalization of Black Sea sprat in the Rybinsk Reservoir located 1,000 km to the north of its native range. It was first recorded there in 1994 (Tereshchenko & Strelnikov, 1997) . In a new environment, a new species undergoes consequent phases of naturalization: introduction or penetration (phase I), reproduction (phase II), the colonisation of the territory and increase in abundance (phase III), functioning in the regime of fluctuation of number (phase IV) (Karpevich, 1975; Odum, 1971; Inderjit et al., 2005) .
According to a number of authors (Kiyashko & Slynko, 2003; Gerasimov, 2005; Kiyashko et al., 2006 Kiyashko et al., ) in 1998 Kiyashko et al., -2002 in the reservoir, constant growth in the amount of caught sprat was observed (Fig. 1 ) -10-530 spec./15 min of trawling. At the same time (phase III) the maximum specific rate in growth of its population equaled r Nmax = 2.10 year -1 (Slynko & Kiyashko, 2012; Slynko & Tereshchenko, 2014) . The dynamic phase portrait in that period looked like a convex arc, indicating the process of formation of the population. In early 2000s, the trajectory of change in the number became cyclic with small amplitude of fluctuation ( Fig. 1b) , i.e. the population entered the state of equilibrium with average number of caught individuals equaling 500 spec./15 min of trawling. Therefore, the third phase of the invader's naturalization -phase of exponential growth of number -took place between 1998 to 2002. The average specific rate of change in the number of sprat in that phase was 1.26 year -1 .
In 2003-2004 the pattern of growth of the sprat population changed (a critical point was observed) and further the trajectory of the movement of the population moved back from cyclic to concave arc ( Fig. 1b ). At that time, the species was in the IV phase, naturalization (Slynko & Kiyashko, 2012) , average specific rate of change in abundance remained at the same level as in the previous stable state, though its variability increased (Tale 1). Against the background of overall growth in the abundance of sprat, a short period of slowing of the speed of this process was observed. After 2006, the pattern of dynamics of abundance of the population changed again. In the phase portrait the concave arc morphed into an inward-winding spiral, indicating a new stable state which corresponded to the catch of 1300 spec./min of trawling. Thus, we can state the beginning of the next stage -naturalization phase IVb. The average specific rate of change in the population in the stable state increased. At the same time, both rates of increase and decrease in abundance increased (Table 1) . As a result, cyclic fluctuations were observed, the amplitude of which was bigger than in the previous equilibrium state (Fig. 1) .
Changes in the population of an introduced species. Zander, which was introduced into Lake Vozhev in 1987, successfully naturalized and became an industrial species (Bolotova et al., 1995) . Until the early 2000s, the number of caught zander was continuously increasing (Fig. 2) . However, the rate of this growth did not remain constant. The analysis of the dynamic phase portrait indicated that at least twice (1997-1998, and in 2001) the rate of increase in the population of zander notably slowed (Fig. 3) . The further study of dynamics of separate generations of zander revealed that all generations born in 1993-1996 were numerous, and generations born in 1997-1999 were not (Tereshchenko & Zuyanova, 2006) . In other words, by the late 1990s, in the lake, the consequences of overpopulation of zander were observed. Its role in decrease in the rate of growth of the catch in 1997 and 2001 could have been played by its self-distribution from Lake Vozhe to the adjacent lake-river system, including the rivers and lakes of Archangelsk Oblast (Novoselov, 2003) . a b Fig. 1 . Dynamics of abundance of Black Sea sprat in the Rybinsk Reservoir (a) and its dynamic phase portrait (b) (according to Slynko & Tereshchenko, 2014) : 1 -initial data; 2 -smoothened data; 3 -initial state; 4 -direction of shift of the system; 5 -state of population in the year indicated near the curve; 6 -stable state; 7 -critical point Fig. 2 . Dynamics of zander catch in Lake Vozhe (according to Bolotova et al., 1995) : 1 -initial data; 2 -smoothened data with "window" of 1.1 year Fig. 3 . Dynamic phase portrait of zander catch in Lake Vozhe (according to Tereshchenko & Zuyanova, 2006) : the numbers on the curve are years of population being in the state indicated by the point on the curve Changes in population under the effect of intense sport fishing. As an example, we shall consider the population of grayling (Thymallus thymallus) in the upper stream of the Vym River in the conditions of influence of poorly-controlled non-commercial fishing. During the period of observations, its relative number changed within 1.5-6.7 spec./net/day with the period of fluctuations equaling 4 years. At general tendency of reduction, the amplitude of these fluctuations decreased as well: in 2005-2007 it was 2 spec./net, in 2009-2016 was not higher than 1 spec./net (Fig. 4) . At this point the possibilities of traditional description of changes are exhausted.
The analysis of dynamic phase portrait was notably more informative. In 2005, the relative number of population of zander equaled 5.5 spec./net. At that time, the rate of changes in abundance was negative, being maximum (by module) throughout the entire period of observations, which is characteristic of the system in the state of restructuring (Fig. 4b) . By 2007, the rate of changes in the population (according to the module) decreased to 1.0 spec./net/year, and its trajectory now looked like an inward-winding spiral. In other words, in 2005-2007, the population of zander entered into equilibrium state which corresponded to average amount of the fish caught of 4.0 spec./net (special point "stable focus"), in which it remained until 2016. In this steady condition, the populations are characterized by only cyclic fluctuations in abundance with reduction in their amplitude.
Discussion
The abovementioned examples show that use of the method of dynamic phase portrait allows efficient determination of the most significant changes occurring in the population over the process of its formation and functioning. The main (but not the only) advantage of this method is the possibility of distinguishing a population in the phase of restructurization of its structural-functional characteristics from a population in the state of equilibrium without any notable changes in the main structural parameters and pattern of its functioning. At the same time, it provides a possibility to obtain additional information from the analysis of data on dynamics of the abundance (or other important parameter) of the studied population.
Therefore, the analysis of dynamic phase portraits significantly facilitates the periodization of naturalization of an introduced species, which allows one to detect changes in its population characteristics at each stage of this process. During the absence of limiting influence of the environment on the population, an increase in its abundance is observed (Odum, 1971; Pianka, 1978; Solbrig & Solbrig, 1979) . In nature, such a situation can be seen during the first years of formation of a population at the III stage of naturalization. In fact, in most cases maximum specific rates of growth of the population of introduced species are characteristic particularly for the III phase. However, the analysis of dynamic phase portraits of short-cycle species (sprat, smelt) demonstrated that in a number of cases the highest specific rates of changes can be also realized after the population of introduced species transitions into the regime of fluctuation of its abundance (IV phase of naturalization, Table 1 ). In this case, maximum values of growth were observed in the period of restoration of population after catastrophic decline (Tereshchenko et al., 2015; Tereshchenko & Tereshchenko, 2017) .
Taking into account the results, we succeeded in detecting a tendency towards reduction of the potential rate of growth of the population of sprat during the process of its colonisation of the Dnieper and Volga reservoirs. Therefore, sprat in the Kahovka Reservoir had a higher value of this parameter than in the populations of the Dneprodzerzhynsk and Kremenchyg reservoirs, by 2.9 and 1.8 times respectively (Table 2 ). A similar tendency was observed in the reservoirs of the Volga cascade. This is, probably, related to the effect of temperature conditions of the water reservoir both on the efficiency of reproduction of introduced species and the development of the food base. However, for populations of smelt (Osmerus eperlanus), a cold-loving species, decrease in the potential speed of growth was observed in a southward direction. In this case, we see that increase in the vegetative period and food base does not compensate the reduction of the effectiveness of reproduction. The highest potential rate of the natural growth of population of the studied species was noted in the southern populations of Black Sea sprat and stone moroko (Pseudorasbora parva).
We should note that potential rate of growth of population allows one to compare the efficiency of species as introduced elements of an ecosystem. Therefore, in the Rybinsk Reservoir the northernmost population of Black Sea sprat has formed, and the population of smelt is near its native range (Lake Beloe). And though the density of concentrations of sprat in this water body is lower compared with the smelt, taking into account the dynamic properties of populations, it can be characterized as the more efficient introduced species which can potentially have a more significant effect on the ecosystem compared with that of smelt (Slynko & Tereshchenko, 2014) . Use of the method of dynamic phase portrait allows one to obtain new information which would otherwise remain hidden in the course of conventional research. Therefore, analysis of trajectory of change of catches of zander in Lake Vozhe (Fig. 3) revealed at least two periods of reduction of the speed of changes in the number of caught fish (1997-1999 and 2001) . The following analysis demonstrated decrease in the population of zander hatched in the years 1997-1999, which gave a reason to presume that over this period, density-regulating mechanisms were activated. One of them is emigration of some individuals from the high density regions (Ricklefs, 1976) . Really, according to observations of ichthyologists, zander from Lake Vozhe have already entered Lake Lacha and the basin of the Onega, where they were not found earlier (Novoselov, 2003) .
Finally, the analysis of dynamic portrait allows one to look at the changes in structural-functional characteristics from a new angle. The possibility of distinguishing qualitatively different conditions of population (period of its transition from one condition into another and period of being in equilibrium state) relieves the researcher of the need to attempt to detect a general tendency in the change of population parameters in the periods when it was absent, because during the period of observations it was in different states. Furthermore, it provides possibility of assessment of time of a population's exit from the equilibrium state even in cases when the start of the transition is beyond the limits of the observation periods.
Therefore, it was shown that developments of the Middle-Timan bauxite deposit at the current stage had practically no effect on the condition of the habitat of fish in the local ecosystems. However the development of the system of transport communications led to a significant increase in the number of people fishing. As a result the population of grayling (Thymallus thymallus), which dominated in the Vym River, transitioned to the state of lower abundance, and the fish population of the watercourse -to the state with lower level of diversity (Boznak et al., 2019) . The initial non-specific adaptive reaction of the fish community was observed during eutrophication of the lakes , increase in their thermal and toxic pollutions (Reshetnikov et al., 2011) . Thus, all series of observations can be distinctively designated into two periods: restructurisation of the population (2005) (2006) (2007) and being in the state of equilibrium in 2007-2016. Analysis of the dynamic phase portrait allows one to draw the conclusion that at the beginning of systematic observations (2005) the population of grayling was already at the stage of restructurisation, after exiting the previous steady state. As we know, the phase portrait describes the dynamics of the system with a parabola (Ailamazyan & Stas', 1989) . Because the parabola is a symmetric figure, this enables one to determine temporal boundaries of the exit of a population from the previous steady state. In 2005 the rate of change in the abundance of the grayling population (by module) was at its maximum, and it had entered in the equilibrium condition by 2007. Therefore, we can conclude that the population left its previous equilibrium state in the early 2000s. The obtained results allow also more correct description of the changes occurring in the age structure of the population, uniting data which characterize the grayling population in the Vym River during the period when it was in the two consequent equilibrium states (1996-2002 and 2010-2016) . It was found that during transition of the population into a new state with low level of population, decrease in the maximum age, reduction of the number of age groups, and rejuvenation of modal age class were observed (Zakharov & Cherezova, 2008; Zakharov & Boznak, 2011) . Such changes in the age structure are equivalent to the restructurisation of the population of grayling from long-cycle to average-cycle type of functioning (Zinov'yev, 2005) . Similar changes in the structure of fish population, which occur under the impact of intense fishing, are well known (Nikol'skii, 1974; Ricker, 1975) .
Thus, the method of dynamic phase portrait allows one to detect equilibrium levels of functioning of populations, and also the extent of their deviation from these zones. At the same time, behaviour of populations in the equilibrium zones, described in the terms and formulae of this method, complement well the general patterns of behaviour of biological systems.
In the absence of significant impacts, the presence of negative reversible relations leads to stabilization of a supra-organism system, and its exit from the equilibrium state indicates intensification of the disruptive effect (Schmalhausen, 1968) . The abundance of a population is regulated by the balance between the two positive tendencies characteristic of populationspotential for growth and limitations imposed on this growth by the environment. The capability of the environment to support a species depends on the climate and presence of resources, and thus the equilibrium density of the population of a given species also varies (Ricklefs, 1976) . 
Conclusions
The example of fish demonstrates that the dynamic phase portrait is an effective method of analysis of changes which occur in the populations of animals.
Behaviour of populations in the equilibrium zones, described in the terms and formulae of this method complement well the wellknown general patterns of behaviour of biological systems.
Use of the dynamic phase portrait does more than visualise the changes in populations of animals. This method, first of all, makes it possible to reveal the equilibrium states, time of exiting them, determine density of population at which intrapopulational mechanisms of reducing the number activate, and analyze more correctly both the dynamic of abundance of population and separate parameters -age structure, rate of maturation, etc.
